Aim: To investigate the anti-arthritis and immunomodulatory activities of ginsenoside compound K (C-K) in mice with collagen-induced arthritis (CIA). Methods: DBA/1 mice with CIA were treated with C-K (28, 56 or 112 mg·kg -1 ·d -1
Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory disease that causes irreversible destruction of cartilage, tendons, and bones and shortens the life expectancy of patients by affecting major organ systems. Despite recent advances in biologic therapies, more than 30% of RA patients fail to response to all therapies, and the majority cannot achieve remission [1, 2] . RA is considered to be preferentially mediated by T cells and macrophages [3, 4] . Much of our understanding of the pathogenic mechanisms involved in RA was derived from animal studies, and activation of T cells has been recognized as a crucial event # The first two authors contributed equally to this work. * To whom correspondence should be addressed.
E-mail wwei@ahmu.edu.cn Received 2013-10-20 Accepted 2014-02-01 in the pathogenesis of RA [5, 6] . The T cell response is shaped by the balance between costimulatory and co-inhibitory signals, and an expanding array of co-signaling molecules are now recognized as playing crucial roles in regulating T cell activation and tolerance [7] . The TCR, the co-stimulatory molecule CD28 and two inhibitory molecules, CTLA-4 and PD-1, are functionally important in the regulation of T cell activation and tolerance [8, 9] . Simultaneous recognition of the cognate MHC-peptide complex by the TCR (signal 1) and CD80 or CD86 by CD28 (signal 2) results in T cell activation, proliferation, and differentiation [10, 11] . In addition to cytokine production, PD-1 and CTLA-4 are inducibly expressed on T cells following a TCR signal, and subsequent binding of the TCR to one of these co-inhibitors results in cell cycle arrest and termination of T cell activation [12] [13] [14] . Ginseng (the root of Panax ginseng CA. Meyer, Family Ara-Liu KK et al Acta Pharmacologica Sinica npg liaceae) is frequently used as a crude substance in Asian countries in food products and as a medicinal ingredient [15, 16] . Ginsenosides, the major components of ginseng, exhibit various biological activities, including anti-inflammatory, anti-dementia, and anti-tumor effects [17] [18] [19] . The protopanaxadiol ginsenosides Rb1, Rb2, and Rc are metabolized to compound K (C-K; Figure 1 ) by intestinal bacteria in humans and rats [20] [21] [22] . C-K (20-O-β-D-glucopyranosyl-20(S)-protopanaxadiol) exhibits various immunopharmacological properties, including antiallergic and anti-carcinogenic effects [23] [24] [25] . However, the in vivo anti-arthritic effects of C-K have not been reported. Collageninduced arthritis (CIA) is an established experimental model of polyarthritis with many histopathological features similar to human RA [26, 27] . In the present study, we described a novel therapeutic anti-arthritic effect of C-K via the modulation of T lymphocyte activation. Mouse CD4-FITC, CD25-PE, CD154-PE, CD69-PE, CD62L-PE, CD3-APC,  CD44-APC, TCR-APC, CD28 -APC, CTLA-4-APC, PD-1-APC, and antibody for detecting mouse PD-1 were purchased from BioLegend Co, Ltd (San Diego, CA, USA), and the Foxp3-PECy5 antibody was purchased from eBioscience Co, Ltd (San Diego, CA, USA). TNF-α, IFN-γ, anti-CII antibody and the IL-4 enzyme linked immunosorbent assay (ELISA) kit were purchased from R&D Systems (Minneapolis, MN, USA). A mouse pan T cell isolation kit was purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). Specific antibodies against the mouse TCR, CD28, and CTLA-4 were obtained from Santa Cruz Biotechnology, Inc (Santa Cruz, CA, USA). C-K (molecular weight: 622.18) was a kind of gift from Dr Chang-liang DAI of Zhejiang Hisun Pharmaceutical Co, Ltd Methotrexate (MTX) was obtained from Shanghai Xinyi Pharmaceutical Co, Ltd (Shanghai, China). Before use, C-K and MTX were suspended in 0.5% sodium carboxymethylcellulose (CMC-Na).
Materials and methods

Experimental animals
Induction and treatment of collagen-induced arthritis in mice CII was dissolved in 0.1 mol/L acetic acid and emulsified with an equal volume of CFA at 3 mg/mL in an ice bath under sterile conditions and then incubated overnight at 4 °C. DBA/1 mice were injected intradermally twice with 0.1 mL of this emulsion (containing 100 mg of CII/mouse) in the back and the base of the tail. The day of the first immunization was defined as d 0, and the booster injection was administered into the back on d 21. After the onset of arthritis, animals were randomly divided into five groups, and each experimental group consisted of ten mice. Mice with CIA were intragastrically administered C-K (28, 56, or 112 mg/kg) once per day or MTX (2 mg/kg) once every 3 d from d 28 to d 51 after immunization. Normal and CIA mice were administered an equal volume of vehicle (CMC-Na) at the same time.
Arthritis assessment
Change in body weight is a sensitive general disease marker that accurately reflects episodes of disease worsening and improvement; body weight was evaluated every 6 d from d 0 to d 51. To quantitatively evaluate the severity of the arthritis, the arthritis index was evaluated every 4 d from d 24 to d 51. Inflammation of the four paws was graded from 0 to 4: 0, paws with no swelling and focal redness; 1, paws with swelling of the finger joints; grade 2, paws with mild swelling of the ankle or wrist joints; 3, paws with severe inflammation of the entire paw; 4, paws with deformity or ankylosis. Each paw was graded, and the four scores were summed so that the maximum possible score per mouse was 16 [28] . The arthritis grade was scored by two independent observers.
Histopathological examination of the spleen and joints Paraffin sections were stained with hematoxylin and eosin (H&E), and changes in the spleen and joints were evaluated histopathologically under blinded conditions. The severity of arthritis in the joints was graded from 0 to 4 according to the intensity of the lining layer hyperplasia, mononuclear cell infiltration, and pannus formation. Grade 0, normal ankle joint; grade 1, normal synovium with occasional mononuclear cells; grade 2, definite arthritis with a few layers of flat to rounded synovial lining cells containing scattered mononuclear cells; grade 3, clear hyperplasia of the synovium with three or more [29] . Five compartments were evaluated in the spleen: cellularity of the periarteriolar lymphoid sheath (PALS), lymphoid follicles, marginal zone, and red pulp and the total number of germinal centers (GCs) in each section. Histopathological changes in the spleen were graded from 0 to 3: 0, normal spleen; 1, mild proliferation of white pulp; 2, moderate proliferation of white pulp; 3, marked proliferation of white pulp and prominent germinal centers [30] .
Purification of T cells and B cells from mouse spleens
The spleens of each group were removed and dissociated. T cells were positively isolated with anti-CD3-coated magnetic beads, and B cells were negatively purified using a pan B cell isolation kit according to the manufacturer's instructions. Mononuclear spleen cell suspensions were incubated with beads in PBS and were then washed and purified using an automated magnetic cell sorter. More than 98% of CD3 + T cells and pan B cells were harvested, as determined by fluorescence-activated cell sorting (FACS) [31] .
T and B lymphocyte proliferation Splenic T and B cells were suspended in DMEM at a concentration of 1×10 7 cells/mL. In 96-well culture plates, T cells were incubated with ConA (the final concentration was 3 mg/L) or CII (the final concentration was 100 mg/L), and B cells were treated with LPS (the final concentration was 4 mg/L). Triplicates were designed. The cultures were incubated for 48 h. Six hours before the end of the incubation, 20 µL of [
3 H]-TdR was added to each well. The radioactivity of [
3 H]-TdR was measured using a LS6500 liquid scintillation counter (Beckman Coulter, Fullerton, CA). The results are described as the average of triplicate counts per minute [32] .
Cytokine measurement
To determine cytokine levels in the joints, the knees were excised from each mouse by removing the skin and were placed immediately into 1 mL of cold PBS/200 mg of tissue. Joint extractions were performed using a tissue homogenizer.
Homogenates were centrifuged at 2000×g for 20 min at 4 °C, and the supernatant concentrations of TNF-α, IFN-γ, anti-CII antibody and IL-4 were measured using ELISA according to the manufacturer's instructions. The concentration was calculated according to the absorbance (A) at 450 nm.
Percentages of T lymphocyte subsets
Spleens were removed and mechanically dissociated, and lymphocytes were separated using lymphocyte separation medium, as per the manufacturer's instructions. The splenic lymphocytes (100 µL) were transferred into a 12 mm×75 mm FACScan™ flow cytometer tube, and equal volumes of antibodies in combination, ie, CD3-APC/CD4-FITC, CD69-PE/CD4-FITC, CD154-PE/CD4-FITC, CD44-APC/CD62L-PE/CD4-FITC, or Foxp3-PE-Cy5/CD25-PE/CD4-FITC, were added to each tube. The sample was mixed gently, incubated for 30 min at 4 °C, and then analyzed using a flow cytometer (FC500, Beckman Coulter, Fullerton, CA, USA). Data analysis was performed using CellQuest™ analysis software [33] , and the percentages of T lymphocyte subsets were analyzed by gating on lymphocytes.
Western blot analysis
Mice were euthanized on d 51 after immunization, and spleens were homogenized with a tissue homogenizer in 5 volumes of homogenization buffer (25 mmol/L Tris-HCl, 2 mmol/L EGTA, 1 mmol/L benzamidine, 1 mmol/L PMSF, pH 7.4). Following centrifugation (3000×g for 20 min at 4 °C), the supernatant was collected. Samples were mixed with an equal volume of sample buffer, boiled, resolved by 12.5% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA, USA). Immunoblotting was performed with the indicated primary antibody followed by the appropriate horseradish peroxidase (HRP)-conjugated rabbit anti-goat or goat anti-rabbit IgG and immunodetection with enhanced chemiluminescence (ECL, Pierce, Rockford, IL, USA). Autoradiographs were scanned using a GS-700 Imaging Densitometer (Bio-Rad, Hercules, CA, USA). The relative levels of protein were determined by taking the ratio of the band intensity of the target protein against that of β-actin. All experiments reported in this study were performed three times, and the results were reproducible.
Laser confocal microscopy Splenic T lymphocytes were fixed with 4% (w/v) paraformaldehyde. Cells were then treated with 0.1% Triton X-100 for 20 min and blocked in 1% BSA-PBS for 30 min prior to incubation with mouse anti-TCR, anti-CD28, anti-CTLA-4, or anti-PD-1 antibody overnight at 4 °C. The next day, cells were rinsed with PBS and cultured with the appropriate fluorescein-conjugated secondary antibody at 37 °C for 2 h. DAPI was used to stain the cell nuclei. Finally, the cells were washed briefly in PBS before being mounted on a slide. Digital images were processed by a Leica TCS SP5 laser-scanning confocal microscope (Leica Microsystems, Wetzlar, Germany).
Flow cytometry analysis
Splenic T lymphocytes were transferred into a 12 mm×75 mm FACS can flow cytometer tube, and equal volumes of antibodies in combination, including TCR-APC, CD28-APC, CTLA-4-APC, and PD-1-APC, were added to each tube. The sample was mixed gently, incubated for 30 min at 4 °C, and then analyzed using a flow cytometer. Data analysis was performed using CellQuest™ analysis software.
Statistical analysis
All data are expressed as the mean±standard deviation (SD). Differences between groups were evaluated by Student's t-test. For multiple group comparisons, we used ANOVA with Tukey's post-test. P<0.05 was considered significant. Effects of C-K on the histopathology of the joints and spleens in CIA mice In CIA mice, synoviocytes proliferated to multiple layers, and the articular cartilage was destroyed and demonstrated inflammatory infiltration. The hyperplastic synovium in CIA mice included a large number of fibroblasts and new blood vessels. In mice treated with C-K (56 mg/kg), articular cartilage destruction and pannus formation were slightly inhibited. C-K (112 mg/kg) significantly reduced articular cartilage destruction, pannus formation, and synovial hyperplasia, although inflammatory cell infiltration was observed to a small extent ( Figure 3A) . The inflammatory scores of the joints in the model mice were increased in comparison with those of normal mice. C-K (56 and 112 mg/kg) and MTX (2 mg/kg) substantially rescued the increase in inflammatory scores observed in CIA mice ( Figure 3B) .
The normal spleen architecture included two major functional zones, the hematogenous red pulp and the lymphoid white pulp. The white pulp was composed of lymphoid follicles and periarteriolar lymphoid sheaths. In the model mice, the white pulp showed proliferation, GC development, and an increase in pathology scores. C-K (56, 112 mg/kg) and MTX (2 mg/kg) significantly reduced the increased pathology scores when compared with those observed in CIA mice ( Figure 3C ).
Effects of C-K on T and B lymphocyte proliferation in CIA mice
The results showed that the T and B lymphocyte proliferation induced by the different stimulators in CIA mice was increased compared with that in normal mice. C-K (28, 56, and 112 mg/kg) and MTX (2 mg/kg) clearly reduced ConAinduced T lymphocyte proliferation ( Figure 4A ). C-K (112 mg/kg) and MTX (2 mg/kg) mildly reduced LPS-induced B lymphocyte proliferation in CIA mice ( Figure 4B ). T lymphocyte proliferation induced by CII in CIA mice was increased compared with that in normal mice. Treatment with C-K (112 mg/kg) or MTX (2 mg/kg) reduced CII-induced T lymphocyte proliferation ( Figure 4C ). These data suggested that C-K primarily affects the function of T cells, but the characteristics and mechanism of C-K's effect need to be elucidated.
Effects of C-K on cytokine levels in the joints of CIA mice
The levels of TNF-α, IFN-γ, anti-CII antibody, and IL-4 in the joints were determined by ELISA. The results showed that the concentrations of TNF-α and IL-4 in the joints of CIA mice were increased, whereas the production of IFN-γ in the joints was decreased. C-K (28, 56, and 112 mg/kg) and MTX (2 mg/kg) significantly reduced the expression of TNF-α ( Figure  5A ). The concentration of IFN-γ in C-K-treated (28 and 56 mg/kg) mice was recovered ( Figure 5B ). Treatment with C-K (56 and 112 mg/kg) and MTX (2 mg/kg) significantly reduced the concentration of anti-CII antibody ( Figure 5C ). However, neither C-K nor MTX had a clear effect on the level of IL-4 in CIA mice ( Figure 5D ). (Figures 6B and 6F) . The proportion of CD3 + CD4 + Th cells was not affected by C-K or MTX administration ( Figure 6A ).
Effects of C-K on the subsets of T lymphocytes in CIA mice
induced T lymphocyte proliferation (A). LPS induced B lymphocyte proliferation (B). CII induced T lymphocyte proliferation in vitro (C
The data we obtained indicated that C-K substantially modulated the activation and differentiation of T lymphocytes in CIA mice, which might be a novel mechanism underlying the effects of C-K in the treatment of RA.
Effects of C-K on the expression of CD28, TCR, CTLA-4, and PD-1 in the T lymphocytes of CIA mice The activation and differentiation of T lymphocytes are controlled by the expression of the TCR, CD28, CTLA-4, and PD-1. In this study, the expression of CD28 and the TCR in 
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Acta Pharmacologica Sinica npg the T lymphocytes of CIA mice increased, whereas the levels of CTLA-4 and PD-1 in T lymphocytes was significantly decreased ( Figure 7A ). Compared with the CIA mice, C-K greatly decreased the expression of CD28 and the TCR, whereas it significantly increased the expression of CTLA-4 and PD-1 ( Figure 7B ). To verify this result, we used a laser confocal microscope to determine the expression of these important signaling molecules, which are involved in the activation of T lymphocytes. In accordance with the Western blot analysis, both the CD28 and TCR expression levels were increased on T cells isolated from CIA mice, whereas CTLA-4 and PD-1 expression decreased. Compared with T lymphocytes from CIA mice, those from C-K-treated mice (112 mg/kg) showed decreased expression of CD28 and the TCR, whereas CTLA-4 and PD-1 expression was significantly increased ( Figure 7C ).
We also used flow cytometry to determine the expression levels of CD28, the TCR, CTLA-4, and PD-1. In agreement with the changes observed via Western blotting, the expression of both CD28 and the TCR was increased on T cells isolated from CIA mice, whereas the expression of CTLA-4 and PD-1 was decreased. Compared with T lymphocytes from CIA mice, those from mice treated with C-K (56 and 112 mg/ kg) showed decreased expression of CD28 and TCR and significantly increased expression of CTLA-4 and PD-1 ( Figure  7D ). These results showed that C-K modulated the activation and differentiation of T lymphocytes, primarily through the simultaneous inhibition of stimulatory signals and upregulation of inhibitory signals (Figure 8 ).
Discussion
RA is a chronic, autoimmune disease that primarily affects [34] . CIA resembles RA in pathological, histological, and immunological profiles; it is therefore accepted as a disease model for RA and is among the most widely used models for studies of RA pathogenesis and for screening new drugs [35] . In the present study, we found a marked secondary inflammatory response in the CIA model that was accompanied by paw swelling, increased arthritis scores and histopathological npg changes in the joints and spleen; however, these symptoms were restored to normal by treatment with C-K. Furthermore, the findings of our study showed that C-K could reduce the proliferation of T and B lymphocytes obtained from the spleen of CIA mice. However, the effect of C-K on T lymphocytes was much stronger than that on B lymphocytes. These findings suggest that C-K might exert its immunoregulatory effects by regulating T lymphocyte-mediated immune responses in CIA mice. The immunogenetics of RA suggest a key role for aberrant pathways of T lymphocyte activation in the initiation and/or perpetuation of disease [36] . The importance of T lymphocytes can be observed following the transfer of CD4 + T lymphocytes from an arthritic animal to a healthy animal, which induces tissue damage in the recipient [37] . Therefore, C-K may be a promising new drug for the treatment of RA.
The overexpression of TNF-α induces leukocyte and endothelial cell activation, synovial fibroblast activation and survival, pain receptor sensitization, and angiogenesis, which together represent key pathological features of RA [38] . Therapeutic blockade of TNF-α yields a clinical response in approximately 70% of patients with established RA, and it results in the suppression of leukocyte migration, endothelial cell deactivation and the recovery of regulatory T cell function and phenotype [39] . IFN-γ is a well-known pro-inflammatory cytokine produced by Th1 cells. Previous studies have shown that GCrich tissues produce significantly more IFN-γ and that treatment with C-K results in GC destruction and marked inhibition of IFN-γ transcription [40, 41] . IL-4 is a major anti-inflammatory cytokine that can mimic Th2 cell activity, thus inhibiting Th1 cell activity and inflammation in RA and restoring the disturbed Th1/Th2 balance in this disease. Previous work in our laboratory has also revealed that the Th1/Th2 imbalance plays an important role in the pathogenesis of adjuvant arthritis (AA) in rats [42] . Here, we demonstrated that TNF-α was significantly increased in the joints of CIA mice, whereas it was reduced in the treated mice. These findings suggest that C-K may have therapeutic effects on RA via inhibiting the production of TNF-α, which may be one of the mechanisms underlying the effects of C-K in anti-CIA treatment as well as its anti-inflammatory and immunosuppressive effects. Our study also demonstrated that C-K regulated Th cell-mediated immune responses by modulating the balance of Th1/Th2 cells in the joints of CIA mice. Further studies are required to assess whether C-K affects the development, maturation, and differentiation of Th1 and Th2 cells.
Th cells are a subgroup of lymphocytes that play an important role in establishing and maximizing the capabilities of the immune system. CD4
+ T cells play a key role in the initiation and perpetuation of CIA by producing IFN-γ, a potent inducer of the inflammatory response [27] . The results showed that C-K downregulated the expression of the early T cell activation marker CD69, the costimulatory molecule CD154 and the effector memory T cell marker CD62L -CD44 hi on CD4 + cells in the spleens of CIA mice. Moreover, it upregulated the T cell inactivation marker CD62L
+ CD44 low and the Treg marker CD25 + Foxp3 + expressed on CD4 + cells in the spleens of CIA mice, although it had no obvious effect on the percentage of Th cells. These results demonstrated that C-K regulated the T cell response by inhibiting the differentiation and activation of CD4 + T cells instead of reducing the number of CD4 + T cells. Tregs control the responses of APCs and effector T cells in the periphery through direct interaction with these cells or through anti-inflammatory cytokine production, and they play an important role in limiting inflammation and regulating adaptive immunity [43, 44] . C-K restored the percentage of Tregs, which may be one of the mechanisms underlying the anti-CIA effects of C-K as well as its anti-inflammatory and immunosuppressive effects.
T lymphocytes have been proposed to play a central role in the disease process [45] . T cell activation requires the interaction of the TCR, MHC, and antigen in the presence of additional co-stimulatory signals that are provided through costimulatory molecules. The TCR is the central signaling receptor regulating T cell biology. TCR signaling in naive T cells drives their activation and expansion. In effector or memory T cells, TCR signaling drives the expansion and triggering of effector functions, such as cytokine production and cytotoxicity. A number of additional molecules also act as positive or negative regulators of TCR signaling [8, 46, 47] . Foremost among these is the costimulatory receptor CD28 [48] . In the absence of CD28 co-stimulation, TCR ligation induces sub-optimal signaling, which can result in the induction of an anergic state. In contrast, the inhibitory receptor CTLA-4 (which competes for the same ligands as CD28) antagonizes TCR signaling [49] . Similarly, an inhibitory signal is conducted through PD-1 when ligated simultaneously with the TCR. In CIA mice, our data showed that C-K could greatly decrease the expression of the co-stimulatory molecule CD28 and the TCR and increase the expression of CTLA-4 and PD-1 in T lymphocytes. These findings suggest that C-K treatment can modulate the T cell response by altering the balance between co-stimulatory and co-inhibitory signals.
In conclusion, this study suggests that the abnormal activity of T lymphocytes plays a crucial role in the pathogenesis of CIA and that C-K has therapeutic effects in CIA mice, as indicated by the decreased arthritis index and the improved joint and spleen histopathology. The therapeutic effects might be related to the ability of C-K to regulate the Th1/Th2 immune balance and to inhibit the activation and differentiation of T cells by modulating co-stimulatory and co-inhibitory signals. This may aid our understanding of how C-K regulates Th cell development, maturation and differentiation and how it induces T lymphocyte tolerance, which will aid the development of new therapies regulating the balance between immune tolerance and the immune response in autoimmune diseases. 
